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1977.  
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SIMABY 

Ihis  investigation  was  ocniducted  to  obtain  indixaed  bacteriad  isolates 
capable  of  degrading  edkylphosphonates. 

Bacteria  able  to  use  at  least  one  of  13  ionic  adJqrlphosphonates  or  O- 
all^l  or  Or^diedJ^l  aU^lphosE^nates  as  phosphorus  source  were  isolate 
fran  sewage  and  soil.  Four  of  these  isolates  used  2-aniinoethyiphosiAionic 
acid  (AEP)  as  a sole  carbon,  nitrogen,  and  p^iosphorus  source.  None  of  the 
other  £^K)S{^nates  served  as  a carbon  source  for  the  organisms.  One  isolate, 
identified  as  Pseudanonas  putida,  grew  with  AEP  as  its  sole  carbon,  nitrogen, 
and  phosE^rus  source  and  released  nearly  all  of  the  organic  pho^horus  ets 
orthophosi^iate  and  72%  of  the  AEP  nitrogen  as  ananoniun.  This  is  the  first 
demonstration  of  utilization  of  a phosphonoalkyl  moiety  as  a sole  Ccirbon 
source.  Cell- free  extracts  of  P.  putida  ccaitained  an  inducible  enzyme  system 
that  required  pyruvate  and  pyridoxcd  fhosE^te  to  release  orthcf^iosphate  fron 
AEP;  aoetalddyde  was  tentatively  identified  as  a second  product.  Riosphite 
inhibited  the  enzyme  system. 

Methane  was  produced  in  stoichicmetric  yield  from  the  cleavage  of  the 
C-P  bond  of  methylfiKJsphonates  by  Pseudanonas  testosteroni,  an  aerobic  bac- 
teriun  utilizing  methylfhosEiionates  as  sole  phosj^orus  sources.  This  is  the 
first  direct  evidence  of  enzymatic  cleavage  of  the  C-P  bond  of  sinple  ali- 
phatic al]^lE^v3sphonates.  A new  mechanism  for  aerobic  methane  formation  is 
indicated. 

^Isopropyl  hydrogen  mernylphosE^nate  (IMP)  and  0-pinaoolyl  hydrogen 
methylf^sEhcxiate  (I^)  in  aqueoirs  solution  were  derivatized  by  extractive 
methylation  using  diazonethane  and  quantified  by  gas  chroroatography.  Iso- 
propanol, pinaoolyl  alcohol  and  methane  were  quantified  by  gas  chromatog- 
raphy. 

Pseudanonas  testosteroni  degraded  PMP  to  yield  pinaoolyl  alcohol,  which 
was  identified  by  ocmbined  gas  chromatograEhy-mass  spectrometry.  Isopropanol 
was  tentatively  identified  as  a product  of  the  metabolism  of  IMP.  It  was  con- 
cluded that  bacteria  can  be  easily  obtained  from  sewage  that  are  c^>able  of 
cleaving  the  ceubon-EhosEhorus  bond  of  ionic  organcphosphonates.  Enrichments 
for  phosEhonate-Ehosphorus-utilizing  bacteria  must  be  designed  considering  a 
maximum  phosphorus  concentration  of  0.1  inM  and  a carbon  to  phosphorus  molar 
ratio  of  about  300:1.  Pseudanonas  giutida  grew  with  hydrogen  2-aralnoetlyl- 
EhosEhonate  as  a sole  carbon,  nitrogen  ai»d  phosphorus  soinroe,  releeeing  ex- 
cess phosphorus  as  orthophosphate.  Pseudanonas  testosteroni  cleaved  the  ceir- 
bon-phosphorus  bond  of  methylEhosphcnates  with  the  oonocroltant  release  of 
equimolar  amounts  of  methane.  Pinaoolyl  cilcxbol  was  also  identified  as  a 
metabolite  of  pin2ttx)lyl  hydrogen  raethylEbosphcnate. 

It  was  recoimended  that  future  work  on  bacterial  utilization  of  organo- 
Ebosphcnates  as  sole  phosphorus  sources  nust  consider  the  prtper  concentra- 
tion of  phosphonate  to  cissure  that  the  phoscborus  is  limiting,  that  the  sub- 
strate oonoentration  is  not  toxic  and  that  growth  is  not  at  tte  exE>ense  of 
oontaminating  phosphate. 

Analyticeil  methods  need  to  be  improved  for  the  deteobion  of  Exstentiail 
phosphonate  metabolites:  alcohols,  phosphonic  acid  and  ionic  edJcylphosEbo- 
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nates.  Il^se  methods  will  allow  for  the  tot2d.  delineation  of  the  metabolic 
pathway  for  E^KO^fiionates. 

Purification  of  the  metliane-releasing  fiiosjSionatase  and  the  alochol 
releasing  esterase  from  Pseudomonas  testosteroni  and  cheureurtsrization  of 
their  properties  should  be  irnnediately  initiated  to  evaluate  their  poten- 
tial as  hi^ily  specific  assays  to  distinguish  ® acid  (IMP)  and  GD  acid 
(PMP) . 

An  investigation  should  be  initiated  to  determine  the  feasibility  of 
vBing  Ehosphonate-utilizing  bacteria  or  the  purified  phosphonatase  for  de- 
toxication of  f*osi*ionate  residues  or  the  use  of  continuous  culture  for  de- 
militarization of  nerve  gases. 
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INDUCTION  OF  MICHC»IAL  METABOLISM  OF  OHGANM>HOSPH3RUS  COMPOUNDS 

I.  INTHODUCnOJ 


•nie  investigation  of  the  bacterial  netabolism  of  alley  IfAKSErfwnates  oonoen- 
trated  on  (a)  the  breakdown  products  of  seman  and  scurin;  ionic  isopropyl  methyl- 
piiosplxmate,  1(013)200]  (013)? (0)OT  (IMP),  ionic  pinacjolyl  methylEdiosphDnate, 

[ (013)3001(013)0]  (CH3)P(0) OH  (PMP)  and  ionic  methylf^osjAionate,  O!3P0(CH)2  (MP) , 
and  (b)  the  natureilly  occurring  2-aroinoetl:vlF*K)sphonic  acid  (AEP) . 

The  stuc^  was  initiated  ty  conducting  enrichments  for  and  isolation  of 
bacteria  fran  soil  and  sewage  that  were  able  to  utilize  these  jiiosphonates  and 
others  as  phosphorus  sources.  Subsequent  work  involved  two  of  the  original 
isolates , now  identified  as  strains  of  Pseudemonas  putida  and  P . testostereni. 

P.  putida  was  found  to  be  capable  of  utilizing  AEP  as  a sole  source  of  C,  N 
and  P.  This  trait  allowed  for  a more  definitive  description  of  AEP  metabolism 
than  hitherto  r^xorted.  This  work  is  described  in  Part  II  of  this  report. 


Among  the  metabolic  capabilities  of  P.  testosteroni  was  the  ability  to 
utilize  MP,  IMP  and  PMP  as  sole  sources  6¥  phosEdiorus.  'ihe  investigation  fo- 
cused on  the  metabolic  fates  of  the  EdosEdionyl  methyl  groi^  (P-CH3I  and  on  the 
aUcoxy  substituents.  Ihe  results  provide  the  first  unetjuivocal  identificaticai 
of  methane  as  the  metabolite  from  the  phosEdionyl  methyl  moiety.  Uiis  work  is 
fully  described  in  Part  III  of  this  report. 

Ihe  alkoxy  groi:ps  are  probably  removed  by  iydrolytic  cleavage.  Pinaoolyl 
alcohol  has  been  positively  identified  as  a metabolite  of  PMP  by  ccinbined  gas 
chroratograEdy-mass  spectreroetry.  Isopropyl  alcohol  was  toitatively  identified 
as  a metabolite  of  IMP. 

Ihe  procedures  for  identification  and  quantification  of  these  eiloohols  and 
for  MP,  IMP  and  PMP  are  described  in  the  Appendix  (Part  IV) . Analysis  for  MP 
will  hc^fully  elucidate  the  order  of  removal  of  the  phosjdioncxnethyl  and  edkoxy 
grovps  fran  IMP  and  PMP.  The  mechanism  of  the  C-P  bond  cleavage  is  prcdbably 
hydrolytic  or  reductive.  A reductive  cleavage  would  yield  phosphonic  acid, 
HP(0)  (0H)2»  as  the  initial  metabolite  of  MP,  and  a tentative  procedure  for  the 
an^ysis  of  phosEdiite  is  also  given  in  the  Appendix.  Using  these  procedures 
in  the  forthcoming  period,  we  h^je  to  fully  describe  the  metabolism  of  MP,  IMP 
and  PMP. 

II.  MICRDBIAL  UTILIZATION  CF  PHOSPHMJAIES 


INTBDDUCnCN 


AlkylfilosEhonates , ocirpounds  with  a C-P  bond,  occur  widely  in  nature 
either  free  or  canbined  in  lipids^,  polysaccharides^ , or  proteins^.  Many  syn- 
thetic organo|AiosE*ionates  are  being  added  in  large  quantities  to  natural  eco- 
systems in  the  form  of  insecticides,  herbicides,  and  flame  retardants.  Ihe 
potential  fates  of  phosphonates  are  poorly  understood.  Hewever,  sane  evidence 
exists  that  ionic  nonesterified  alkylpho^^xxiates  may  be  persistent^' 5, 
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With  certain  exceptions,  the  C-P  bond  is  highly  resistant  to  chanical  hy- 
drolysiso,  therm^  decomposition®  and  photolysis";  hence,  biological  cleavage 
of  ^e  C-P  bond  in  natural  habitats  assixnes  hrpojrtance  to  prevent  the  accunu- 
laticxi  of  phosphonates.  Cleavage  of  the  C-P  bond  is  apparently  limited  to 
microorganisnis8,9,  seme  of  which  phosphonates  solely  as  jdw^jhorus  sources 
or  scroetiines  as  nitrogen  souroeslO»l.  Evidence  for  cleavage  of  the  C-P  bond 
rarely  has  been  obtained,  but  one  phosphonatase  (2-phoscrf>onoacetaldehyde  phos- 
phohydrolase  EC  3.11.1.1)  has  been  described  in  detailll»12^  and  preliminary 
evidence  for  another  has  been  published^ 

The  present  report  is  part  of  a study  of  the  potential  for  netabolism  of 
phospbonates  in  natural  envirormaits.  Bacteria  capable  of  using  different 
aljQrlphospbonates  were  isolated  from  sewage  and  soil.  By  use  of  an  organism 
able  to  utilize  2-aminoethylE*»ospbonic  acid  (AEP)  as  its  sole  source  of  car- 
b^,  nitrogen,  and  phosphorus,  the  cleavage  in  vivo  of  the  C-P  bond  of  this 
widely  occurring  phosphonate  has  beai  demonstrated. 

MATERIALS  AND  METHCOS 

Materials.  AminatethylfAKjsphcxiic  cicid,  1-aminoethylphosphonic  acid,  AEP, 
3-aminoprc^lpbosphanic  acid,  l-aminobutylplxsphonic  acid,  alcohol  dehydroge- 
nase (yeast) , and  NADH  were  purchased  from  Sigma  Chemical  Co. , St.  Louis,  Mo. 
2-Amino-3-Ehosphoncprcpionic  acid,  2-aminc)-4-pbosphQnQbutyric  acid,  and  Hepes 
[4-(2-hydroxye^yl)-l-piperazineethane  sulfonic  acid]  were  obtained  from  Cal- 
biochem,  San  Diego,  Calif.  Iscpropyl  methylphospbonate  (Na  salt) , pinacolyl 
me^ylphosphonate  (Na  salt)  (60%  pure;  the  contaminants  were  inorganic  icsis, 
mainly  Na+  and  F“) , and  methylphosphonic  acid  were  ebtained  frem  Edgewood  Ar- 
senal, Aberdeen  Proving  Ground,  Md.  Aldrich  Chanical  Co.  (Milwaukee,  Wise.) 
provided  dimethyl  methylpbosphonate  and  diethyl  vinylphosphonate.  Diethyl 
ethylphosphcxiate  and  diallyl  allylphosphonate  were  froin  Pfailtz  and  Bauer, 
Stamford,  Conn.  Fluram  (fluorescamine)  was  a product  of  Hoffinan-LaRoche, 

Nut ley,  N.J.  Pyridoxal  phosphate  and  dithiothreitol  were  frem  Nutritional 
Biochonxcals  Corp. , Cleveland,  (Siio.  All  other  chemicals  were  of  the  high- 
est purity  available  oatmercially. 

Glassware.  Glassware  was  cleaned  by  stewing  in  water  followed  by  a 12- 
ntmersion  in  20%  (v/v)  HNO3.  Nitric  acid  was  removed  by  thorough  rinsing 
in  t^  follcwed  by  distilled  water,  i^^paratus  sensitive  to  acid  and  organic 
solvents  was  rinsed  thoroughly  in  distilled  water.  By  these  means,  the  resid- 
pho^hate  level  was  reduced  to  a level  that  sxpported  negligible  growth 
in  cultures  free  of  added  phosphorus  (turbidity  of  less  than  0.01  at  500  rm) . 

Media  and  culture  conditions.  Unless  otherwise  indicated,  media  free  of 
inorganic  phosphate  were  buffered  with  50  mM  Tris  (2-aniino-2-hydrD;Qmethy3pro- 
p>ane-l,3-diol)  (piH  7.4)  or  15  irM  Hep^es  (pH  7.2)  and  contained  (per  liter):  KCl, 
0.2  g;  MgS0^.7H20,  0.2  g;  (NH^)2SO^,  0.5  g;  ferric  ammoniim  citrate,  1.0  mg; 
CaCl2»2H20,  2.0  mg;  and  a carbon  source.  On  occasion,  the  organic  buffer  and 
W31  were  replaced  with  6 iiM  pxDtassiun  orthephospbate  buffer  (p>H  7.4). 
media  were  autoclaved,  after  vdiich  a sterile  solution  containing  the  carbon 
source  and  another  containing  the  iron  and  calcim  salts  were  add^d  asepjtically. 
All  phosphonates  ^ carbon  sources  were  sterilized  by  filtration  through  sterile 
0.2  pan  maiibrane  filters.  Cultures  in  tubes  were  closed  with  urethane  foam  plugs 
and  ^cuteted  at  30“C  without  agitation.  Growth  curves  and  )cinetics  of  substrate 
utilizatiOT  were  studied  at  30“C  in  cultures  aerated  by  magnetically  driven  stir- 
ring bars-*-^.  The  cells  were  harvested  by  centrifugation  at  20,000  X g at  4“C. 


Isolator!  of  bacteria.  Enriciiinent  cultures  were  used  to  ctoteiin  isolates 
able  to  utilize  a given  f^^honate  as  a sole  source  of  pho^^rus  aruVor  car- 
bon. When  provided  as  sole  phosphorus  sources,  tlie  fAK).^iK)nates  were  present 
at  0.5  itM,  and  0.3  g each  of  glucose,  glycerol,  and  sodiim  succinate  per  liter 
were  present  at  carbon  sources.  When  serving  as  the  potential  carton  source, 
the  phosphonates  were  present  at  0.025  g-aton  carbon  per  liter.  Ihe  enrich- 
roait  cultures  (3.0  ml  final  volune)  received  0.5  ml  of  sewage  or  about  0.2  g 
of  soil,  and  when  growth  greater  than  that  in  jiiosphonate-free  solutions  was 
observed  (usually  1 to  3 days) , the  enrichment  was  subcultured  into  fresh 
mediim.  After  three  successive  transfers,  enrichments  using  phosphonates  as 
phosphorus  sources  were  strea3ced  on  nutrient  agar  plates.  Isolates  that  were 
cible  to  utilize  phosphonates  were  sijbsequently  recognized  by  their  growth  in 
selective  liquid  media.  Bacteria  U3iiig  phosphonates  as  carbon  sources  were 
picked  fran  plates  containing  10  iiM  substrate  in  mineral  agar. 

Analytical  methods.  Turbidity  was  measured  at  500  nm  in  1 an  cuvettes 
in  a Bausch  and  Lc*rb  sp)ectrophotcneter,  model  Spiectronic  88.  Inorganic  phos- 
phate was  assayed  by  tlie  method  of  Dick  and  Tabatabai ^-5 , and  none  of  the  phos- 
phonates and  neither  of  the  organic  buffers  interfered.  The  assay  of  Weather- 
buml6  was  used  for  amnoniun  ion  determinations;  Hepes  did  not  interfer  in  this 
method,  but  the  iron  source  and  AEIP  gave  low  absorbance  values,  vdiich  were  si±>- 
tracted  from  the  assay  values. 

Protein  was  assayed  as  described  by  Kennecty  and  Fewson^^.  ihe  protein  was 
s^jarated  fran  the  organic  buffers  by  precipitation  with  0. 45  M trichloroacetic 
acid  (final  concentration)  foUcwed  by  centrifugation  at  20,000  X ^ 4“C. 

The  precipitate  was  resuspended  and  washed  with  0.45  M trichloroacetic  acid. 

No  spjecific  assay  exists  for  AEP®.  The  Fluram  assay  for  amines^®  was  un- 
affected by  aitmonium  ion,  but  the  standard  curve  fran  0 to  10  nmol  AEP  ran  fran 
50  ±10  to  70  ±10  fluorescence  units.  Consequently,  AEP  utilization  could  not 
be  measured  accurately  by  this  assay. 

Preparation  of  cell-free  extracts.  Cells  early  in  the  stationary  phase 
were  harvested  and  washed  in  extraction  buffer^2^  and  the  resulting  pellet  was 
stored  at  -20°C.  The  thawed  cell  pellet  was  resuspended  to  about  5 mg/wet 
weight/ml  in  extraction  buffer,  and  extracts  were  prepared  by  sonic  disrxption 
at  4'’C  using  the  inicrotip  of  tlie  Model  W185D  Cell  Disrvptor  (Heat  Systems-Ultra- 
sonics,  Inc. , Plainview,  NY)  at  70%  power  in  four  30-s  periods  each  s^)arated 
with  30-s  cooling  periods.  Debris  and  vdiole  cells  were  removed  by  centrifuga- 
tion at  40,000  X 2 15  min  at  4°C. 

Enzyme  assay.  The  oovpled  reaction  of  AEP  transamination  and  2-phosphono- 
acetaldehyde  phosj^ichydrolase  (E.C.  3.11.1.1)  was  assayed  at  30®C  essentially 
as  described  by  La  Nauze  and  Rosenberg^^.  The  oorplete  reaction  mixture  con- 
tained, in  3 ml;  Tris  buffer  (pH  8.5)  300  vimol;  MgCl2,  15  ;imol;  ethylenediamine 
tetraacetate  (K  salt)  1.5  umol;  dithiothreitol,  1.5  ymol;  pyruvate,  15  ^imol; 
pyridoxal  phosphate,  1.5  ^imol;  AEP,  15  pmol;  and  protein,  0.2  to  0.8  mg.  At 
intervals,  0.5  ml  pxjrtions  were  treated  with  0.1  ml  of  3. 0 M trichloroacetic 
acid,  the  protein  was  removed  by  centrifugation,  and  a portion  of  the  siper- 
natant  fluid  was  analyzed  for  inorganic  phosphate.  The  reaction  was  linear 
for  at  least  2 hr,  and  the  rate  was  proportional  to  the  araoiait  of  protein 
present. 
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Portions  of  the  supernatant  fluid  from  the  enzyme  assays  were  tested  for 
Uie  presence  of  aldehyde,  presunably  acetaldehyde,  by  the  oxidation  of 
in  tl^  pr^ence  of  alcohol  (Miydrogenase.  Hie  snail  quantity  of  trichloro- 
acetic acid  in  the  sanple  did  not  affect  the  controls  with  authentic  acetal- 
dehyde as  substrate  for  the  enzyne. 

Electron  microsccpy.  Negative  stains  were  pr^jared  using  su^jensions  in 
distilled  water  of  oel''s  grown  on  nutrient  agar.  The  cells  were  sipported  on 
Carb^Fonnvar-coated  ooEper  grids  and  stained  with  an  ajueous  solution  con- 
taining 10  rag  of  phosphotungstic  acid  (pH  adjusted  to  7.4  with  NJH)  and  50  pg 
bacitracinAl.  The  stained  grids  were  observed  in  a Philips  EM-300  transmis- 
sion electron  microsoope  at  60  kv. 


RESULTS  AND  DISCUSSIC»I 


Isolation  of  strains.  Eiirichraent  cultures  able  to  use  phosj^onates  cis 
sole  phosj^iorus  sources  were  readily  obtained.  sewage  samples  each  yield- 

ed enrichments  on  all  but  one  (diethyl  vinylphosphonate)  of  the  13  phosphonates 
tested  as  phosphorus  sources,  whereas  three  soil  samples  yielded  only  enrich- 
raents  u^lizing  AEIP.  The  only  phosphonate  used  as  a carbon  source  was  AEP, 
and  enrichments  were  detained  fran  all  soil  and  sewage  samples. 

To  determine  the  capacity  of  the  isolates  to  use  a variety  of  phosphonates 
as  phosphorus  sources,  the  bacteria  were  first  grown  in  media  containing  the 
phosphonate  on  which  they  were  isolated.  These  cultures  were  then  used  to 
inoculate  tubes  containing  0.5  mM  phosphonate,  the  glixxjse-glycerol-succinate 
mixti^  as  carbon  source,  and  inorganic  salts.  Growth  was  measured  turbidi- 
raetrically  and  ccnpared  to  that  in  solutions  receiving  no  sippleinental  phos- 
phorus (controls) ; in  the  latter  tubes,  only  sparse  growth  was  evident,  prob- 
ably a resiiLt  of  sane  transfer  of  phosphorus  together  with  the  inoculixn.  A 
sutinary  of  a study  to  show  the  ability  of  14  bacterial  isolates  to  grow  on  a 
variety  of  ph^honates  is  given  in  table  1.  Each  of  the  strains,  except  for 
4 and  5,  was  isolated  vrfien  the  phosphonate  was  supplied  as  a phosphorus  source. 
All  isolates  used  AEP  as  a phosphorus  source,  and  except  for  strain  3,  all  were 
able  to  use  more  than  one  of  the  phosphonates.  In  general,  the  cdJylphospho- 
nates  and  ^aUcyl  alkylpho^honates  appeared  to  serve  as  good  phosphorus  sources, 
because  the  extent  of  growth  was  similar  to  that  with  eguimDlar  ph^hate.  By 
coiparing  growth  to  that  on  equimolar  phosphate,  it  appeared  that  the  0,0-di- 
alkyl alkylj^osphonates  ware  inoonpletely  attacked.  Strains  isolated  on~one 
class  of  alkylphosphcaiates  (e.g. , ionic  nonesterified  phosphonates)  usually 
had  little  activity  on  another  class  (e.g.,  O-aUyl  phosphonates). 

Elxcept  for  strains  3,  4,  5,  and  8,  each  of  vrfiich  could  use  AEP  as  a car- 
bon source,  no  isolate  used  any  of  the  phosphonates  as  carton  sources.  It  is 
noteworthy  that  the  presence  of  one  p^sphonate  could  inhibit  or  even  abolish 
growth  on  another  phosphonate.  For  example,  growth  of  strain  5 in  a raeditm 
containing  5 raM  AEP  as  a carbon  source  was  abolished  in  the  presence  of  equi- 
itJolar  1-aminoethylphosphonic  acid.  A similar  effect  has  been  cixserved  by 
lacoste  et  al.l9. 

Strain  11,  vrtien  grown  in  0.1  raM  phosjSiate  or  pho^honate  and  excess  quan- 
tity of  carbon  source,  gave  a cell  yield  (by  turbidimetric  assay)  equal  to  that 
obtained  in  10  iiM  gluconate  and  excess  phosphate.  This  indicates  that  the  car- 
bon demand  is  600  times  the  pho^horus  demand.  Phosphonate  concentrations  of 
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0.1  niM  seem  to  be  advantageoixs  in  enrichments  for  phosphonate-phosphorus  uti- 
lizers because  the  levels  are  high  enough  to  reduce  the  possibility  of  isolat- 
ing organisms  using  phosphate  contaminating  the  enrichment  yet  low  enough  to 
minimize  toxicity  effects. 

Growth  of  P.  putida  with  AEP  as  carbon,  nitrogen  and  pAiosphorus  source. 
Strain  5 was  chosen  for  further  work,  as  it  clutiped  less  during  growth  than 
strains  3 and  4.  Strain  5 wcis  an  aerobic,  motile  rod  vrtiich  was  difficult  to 
stain  by  the  Gram  reaction,  but  electron  micrographs  of  the  bacteriun  shewed 
a wrinkled  cell  wall  clearly  indicating  a Gram-negative  organism.  Polar  mul- 
ti trichous  flagellation  was  observed.  On  the  basis  of  the  following  tests, 
the  isolate  was  identified  as  a strain  of  Pseudomonas  putida^®:  no  polyhydroxy- 
butyrate  accunulated;  positive  fluorescent  pigment;  negative  fhenazine  pigment; 
no  methionine  requirement;  no  denitrification;  no  growth  at  4°C  or  41‘’C;  oxi- 
dase positive;  arginine  dihydrolase  positive;  ortho  ring  cleavage  of  proto- 
catechuate^l;  no  growth  on  geraniol,  inositol,  galactose,  maltose,  or  trehalose 
as  carbon  sources;  and  growth  on  jAienylaoetate,  glycine,  seuroosine,  glucose, 
xylose,  and  citrate. 

In  a preliminary  experiment,  the  cell  yield  of  P.  putida  was  directly 
prcpoirtional  to  the  AEP  concentration  in  the  range  0 to  5 nM  vdien  AEP  was  the 
only  source  of  carbon,  nitrogen  and  phosphorus.  Ihe  Hepes  buffer  was  neither 
a carbon  nor  a nitrogen  soiarce;  moreover,  orthophosphate  was  not  present  in 
the  buffer,  salts,  or  AEP,  and  the  level  of  nitrogen  in  the  AEP- free  mediim 
was  insufficient  to  support  significant  growth  v^ien  measured  by  turfcidimetric 
means. 

It>  study  the  products  of  growth  on  AEP,  cells  of  P.  putida  derived  frexn 
a culture  grown  on  this  phosphonate  were  inoculated  into  fresh  medium  contain- 
ing 5 mM  AEP.  Under  these  conditions,  the  turbidity  increased  ej^xonentially, 
and  a lag  phase  was  not  detectable  (Fig.  ) . Growth  continued  until  aboutt 
5.5  hr,  as  shewn  by  increases  in  protein  concentration.  The  anomalous  in- 
crease in  turbidity  at  5. 5 hr  was  not  indicative  of  growth  because  a similar 
increase  in  protein  was  not  observed;  this  sudden  rise  in  turbidity  presumably 
resulted  from  the  breaking  up)  of  the  snail  floes  of  cells  vdiich  were  ebserved. 
"Ihe  release  of  anmonium  and  phosphate  into  the  medium  was  espxjnential  and  oon- 
cemitant  with  growth.  The  specific  growth  rate  (indicated  by  protein  concen- 
tration) was  about  the  same  as  the  specific  espxjnential  rate  of  ammonium  or 
phosphate  release  (u  = 0.55  hr"^) . The  increase  in  the  extracellular  phosphate 
concentration  was  5 mM,  a level  equal  to  the  amount  of  AEP  present  initially. 
This  quantitative  release  of  AEP-jAiospborus  as  orthophosphate  was  expected 
since  only  a low  percentage  of  phosphorus  would  be  incorporated  into  the  cells 
following  cleavage  of  the  C-P  bond.  Ihe  fluorimetric  assay  for  AEP  was  inpre- 
cise  but  confirmed  disappearance  of  AEP  during  growth. 

Growth  of  P.  putida  on  AEP  was  abolished  in  a medium  containing  5 mM  phos- 
phite at  a pM  of  7.2.  In  contrast,  phosphite  had  no  effect  on  growth  with  ace- 
tate as  the  Ccurbon  source  in  a mediim  vbere  2 mM  phosphate  was  the  phosphorus 
source.  Similar  results  have  been  obtained  with  Bacillus  oereus22. 

Enzymic  cleavage  of  the  C-P  bond.  Cell-free  extracts  were  pr^jared  from 
cells  of  P.  putida  vbich  had  been  grown  in  media  containing  either  5 nM  AEP  as 
sole  source  of  carbon,  nitrogen,  and  phosphorus  or  in  5 nM  acetate-salts  mediim. 
Extracts  fran  AEP-grown  cells  catalyzed  the  release  of  phosphate  from  AEP,  the 
sp)ecific  activity  being  180  to  230  nmol/%Ln/mg  protein.  In  oontrcist,  aoetate- 
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grown  rspiis  had  no  activity  (<  1%  of  the  level  of  AEP-grown  bacteria) . This 
phosphonatase  system  is  thus  inducible,  as  daeerved  in  Bacillus  oereusU-. 

Assays  for  phosfdionatase  involved  measurement  of  {^i^^te  release,  but 
a second  product  was  edso  found.  V-Jben  this  product  weis  inaiaated  with  edoohol 
dehydrogenase  in  the  presence  of  NADH,  the  coenzyme  ’.4eis  oxidized.  Hence,  the 
seocaad  substance  was  presvmably  acetaldehyde,  the  product  of  Eiio^honoaoetalde- 
hyde  phosfAKmatase.  When  pyruvate  and  pyridoxal  phosjAiate  were  emitted  in  the 
cissay  for  the  phosj^KJnatase,  no  {^osphate  was  released.  Phosphite  (5  nM)  totally 
inhibited  phosphate  release  from  AEP.  This  enzyme  system  is  apparently  identi- 
cal to  that  of  La  Nauze  and  Rosenberg^  and  La  Mauze  et  eil.l2,  transamination 
of  AEP  preceding  cleavage  of  the  C-P  bond.  The  latter  reaction  is  inhibited  by 
phosphite. 

La  Nauze  and  Rosenbergll  predicted  that  organisms  other  than  Bacillus 
cereus  would  use  the  sysban  they  elucidated.  It  is,  however,  likely  that  at 
least  one  more  system  exists  because  Cassciigne  et  repxjrted  cleavage  of 

the  C-P  bond  of  3-aminc^ropjylphDsphonic  acid  without  prior  raooval  of  the  amino 
groip.  Furthennore,  our  strain  11  utilizes  icxiic  isopropyl  methylphosphonate 
as  a phosphorus  source,  but  this  process  is  not  abolished  by  pho^hite,  ^ 
contrast  with  the  system  of  La  Nauze  and  Rosenbergll  and  La  Nauze  et  al.l2. 
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A culture  of  P.  putida  weu3  grcMi  to  stationary  i^iase  in  Hepes  meditxn 
containing  5 itM  AEP  as  sole  added  source  of  ccu±csi,  nitrogen,  and  {^losphorus 
and  it  vras  subcultured  into  fresh  hoTDlogous  mediunri.  Samples  for  amncHiiiin 
etnd  E^iosphate  were  analyzed. 


Figure.  Grcwth  of  and  Product  Formation  by  P.  putida  in  Median  with  AEP  as 
the  Sole  Source  of  Carbon,  Nitrogen,  and  Phosphorus. 
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INTRDDOCTICN 

Organc^dwsphorus  pesticides  are  generally  regcirded  as  nor?)ersistent  be- 
cause of  the  susceptibility  of  p4iosE*ioesters  to  tydrolysis,  even  though  the 
fate  of  the  phosphorus-containing  breakdown  products  in  nature  has  rarely  beai 
studied.  These  products,  hcweyer,  are  possibly  persistent  and  toocicl.  Vfe  have, 
therefore,  examined  the  microbial  metabolism  of  a particularly  refractory  type 
of  phosEhorus-oontaining  breakdown  product,  the  ionic  alkylphosphcwiates.  The 
C-P  bond  in  unsubstituted  alkylphosphonates  is  hic^ly  resistant  to  chemical  hy- 
drolysis and  photolysis,  a property  that  is  of  envirorroental  significance  be- 
cause ccmpounds  containing  the  C-P  bond,  such  as  methylphosihonic  acid,  have 
be^  found  as  terminal  residues  in  plants  and  animals  that  were  e:?»sed  to  cer- 
tain organoEhosphonate  E>esticides  and  nerve  gases^'^'^. 

We  present  here  the  first  direct  evidence  for  the  en2ymatic  cleavage  of 
the  C-P  bond  of  synthetic  unsx±>stituted  organoghosphonates.  Previoijs  evidence 
for  cleavage  of  the  C-P  bond  of  sijiple  alighatic  ionic  alkylphosEhonates  has 
be^  only  indirect;  i.e. , the  observation  that  some  bacteria  are  cagable  of 
using  al^lphosphonates  as  sole  E^iosEhorus  sourcesS,  vMch  presunably  indi- 
cates utilization  of  the  E^^osphorus  after  it  is  released  as  orthophosphate. 
Furthermore,  the  present  data  reveal  the  existence  of  a new  biochemical  E>ath- 
way  for  the  formaticm  of  methane,  namely,  via  the  aer<±>ic  cleavage  of  the  C-P 
bond  of  methylphosphonates. 

METHDDS 


A bacteriim  caE)able  of  grcwth  with  ionic  methylphosphonate,  iscprc^l 
methylE^osphonate,  or  pinacolyl  methylphosphonate^  as  sole  phospharus  source 
was  isolated  from  the  primary  settling  tank  of  a nuniciE>al  sewage  treatment 
plant.  The  organism  was  identified  as  a strain  of  Pseudcmonas  testosteroni^'^®. 

Methylphosphonic  eicid  and  iscprepyl  methylfiiosEhonic  acid  were  pr^)ared 
by  Chemical  Systems  Leiboratory,  Aberdeen  Proving  Ground,  Edgewood,  Md.  Pina- 
colyl hydrogen  methylEiiosEhonate  was  prepared  frcm  a crude  salt  mixture®  and 
the  resultant  organic  extract  was  E>urified  by  evagorative  bulb-to-bulb  distil- 
lation. The  infrared  SEJectra  for  isopropyl  hydrogen  methylphosphonate  and  di- 
hydrogen methylphosphonate  agreed  with  those  published',  and  the  spectnitj  for 
pinacolyl  hydrogen  methylEhosphonate  agreed  with  E>ublished  dat^.  The  struc- 
ttrres  of  the  metlylEhosEhonates  were  confirmed  by  mass  SE)ectrcmetry. 

Identification  of  methane  in  headspace  sanples  was  by  ooinjection  with 
avrthentic  methane  (99.9  parcent)  on  a Perkin  Elmer  3920B  gas  chrcmatograph 
equipp)ed  with  an  FID  detector  and  a subarabient  lU,  accessory.  Sanples  contain- 
ing methane  gave  a single  paak  vhich  cochrcroatogr^hed  with  authentic  methane 
on  a 1 m SS  colim  (2  im  ID)  packed  with  60/80  mesh  Durapak  (phenylisocyanate 
on  paracil  C)  (implied  Science  Laboratorie§)  at  2*C  and  -90“C  and  on  a 1.8  m SS 
column  (2  nm  ID)  packed  with  60/80  mesh  5A  molecular  sieve  (Linde,  Keasbey,  NJ) 
at  20"C.  The  identity  of  the  paak  was  confirmed  by  using  the  moleculnr  sieve 
colunm  interfciced  with  a Finnigan  3300  quadrupole  ness  SE)ectrQmeter  C19  eV  ioni- 
zation energy) . (Juantification  of  tlie  methcine  in  200  pi  headspaoe  sanples  was 
by  injection  on  the  Dure^ak  colunn  at  2“C  and  ccnparison  of  E)eak  heists  with 
those  obtained  frcm  methane  standairds. 


19 


To  detect  02#  sanples  of  headspace  at  the  end  of  the  incubatlcsi  were  in- 
jected into  cin  anaerobic  atnosE^iere  over  colorless  soluticavs  of  methylene  blue 
£Uid  a blue  coloration  appeared.  Injections  of  N2  caused  no  color  change. 
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P . testosteroni  was  grown  in  30  ml  of  liquid  medium  on  an  orbital  shaker 
at  29®C  in  250  ml  screw-cap  glass  bottles.  The  phostphorus- limited  growth  mediun 
(£H  7.4)  ccxitedned  50  itiM  tris  buffer,  2.7  nM  RCl,  0.8  irM  MgS04,  3.8  nM  (1014)2304, 
14  liM  CaCl2,  1 rog/1  ferric  annoniim  citrate,  120  mg-atcnv'l  of  the  carbon  source, 
and  0.01  to  0.10  itiM  of  the  Erfwsphorus  source  in  distilled  water.  The  buffered 
Scilts  solution  was  autoclaved,  and  the  sterile  carbon  and  pho^horus  sources 
and  the  iron  and  calciun  salts  were  cidded  asepticedly.  The  cultures  were  seal- 
ed with  Mininert  Teflon  sampling  valves  (i^lied  Science  Laboratories) , and  sam- 
ples of  the  headspace  were  analyzed  for  metheine  until  the  concentration  held 
stabilized  for  severed  days. 


RESULTS 


P.  testosteroni  grew  rc¥>idly  with  orthcphDS£tote,  icsiic  methylEiio^honate 
or  ionic  isoprc^yl  methylphosEiionate  as  the  jAiosphorus  source  in  a gluconate- 
salts  mediun.  Growth  terminated  within  24  or  48  hours,  d^jending  on  the  £rfK)s- 
lAiorus  ocaicentration.  During  its  growth,  the  pseudcmariad  catalyzed  the  aerobic 
cleavage  of  the  C-P  bond,  residting  in  release  of  the  jixssEiiorus-bound  methyl 
grotg?  as  methane  (table) . Cultures  grown  with  j*K3^)hate  as  the  phosE^orus  source 
and  either  gluccxvate  or  8-hydrc»^xttyrate  as  carbon  source  generated  no  methane. 
Methane  was  released  in  amounts  equimolar  with  the  sipplied  E^iosE^rus  soiiroe  in 
cultures  containing  ionic  methylphosErfKmate  or  ionic  isc^ropyl  roethyiphosphonate 
and  the  cenoentration  of  the  methane  then  renicdned  constant  for  at  least  10  days. 
The  yield  of  methane  from  cultures  svpplied  with  3 ymol  of  ionic  isoprc^l  methyl- 
pho^honate  was  the  same  vdiether  the  carbon  source  was  gliioonate,  g-fytJroxybuty- 
rate,  or  g-hydro^^aenzoate,  and  the  cultures  were  still  aerobic  at  the  end  of 
grew^.  No  methane  was  produced  in  uninoculated  media  cont^lining  3. 0 umol  of  the 
phoi^borus  sources. 

Methane  Weis  edso  releeised  vrfien  P.  testosteroni  grew  with  ionic  pinacolyl 
methyI|bosphonate  as  fbosEborus  source  in  a gluocsiate-scdts  median,  but  the 
yield  was  only  about  three-fourths  of  theoretioed  (table) . The  inocmplete  re- 
covery of  the  methyl  grotp  as  methane  may  result  frem  the  organism's  inability 
to  use  all  optical  isoners  of  ionic  pinacolyl  methylphosphonate. 

DISCUSSION 


Metheinogenesis  is  generedly  considered  as  a process  of  strictly  anaerobic 
bacteria,  with  the  ccirbcm  usuedly  caning  fron  OO2  but  semetimes  fron  the  methyl 
group  of  aoetate^^.  Tbe  present  study  shows  that  methane  can  be  derived  tram 
the  cleavage  of  the  C-P  bond  by  an  aerobic  bacterian.  This  cleavage  process  may 
be  either  hydrolytic  or  reductive.  To  date,  tlie  only  cheuracterized  pbosphonatase 
is  a hydrolase  from  Bacillus  oereus  vdiich  cleaves  2-axoetIylphoaphonlc  acid  to 
aceteddebyde  and  orthc|bo^*iate-l-^ , 1 J , 14 . Uie  only  previous  report  of  the  release 
of  cin  alkane  or  arene  as  a result  of  the  cleavage  of  a heteroatcn-oartion  bond  by 
an  aerrbe  is  the  reductive  cleavage  of  aU^l-  and  aryl-mercury  ccinpoundsl5,16. 
Microorganisms  are  also  known  to  act  <xi  the  carbon-arsenic  bond  of  methylarsonic 
acid,  a chemical  anedog  of  methylpho^bonic  acid,  but  in  this  instance  the  prod- 
uct released  waa  002^^. 
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The  cleavage  of  the  C-P  bond  by  P.  testosteroni  represents  a newly  reported 
catabolic  pathway  for  methane  formation  in  nature.  Moreover,  the  existence  of 
such  a reaction  in  vitro  suggests  that  the  alkylf^Kssphonates  may  not  aocunulate 
in  soils  or  waters  which  are  exposed  to  synthetic  organophosf^nates . 
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IV.  APPENDIX 


ANALYSIS  OF  IONIC  ALKYLPHOSPHONATES 

I.  Esterified  ionic  alkyli^sjAionates 

IM>  and  PNP  were  analyzed  by  extractive/derivatization  with  diazoinethane 
(Daughtcai,  C.  G. , D.  G.  Crosby,  R.  L.  Gamas  and  D.  P.  H.  Hsieh,  J.  Agric.  Food 
Chem.  ^:236,  1976)  followed  by  gas  chrcmatogr^hy  using  a flame  ^lobcmetric 
detector  (GC-FPD) . 

A.  Standards 

Methylated  standards  of  isc^rc^yl  and  pinaoolyl  hydrogen  methylphospho- 
nates  were  pr^ared  by  adding  appropriate  volutes  of  1.0  ivg/mL  stock  standards 
in  ethyl  acetate  to  5 ml  volunetric  flcisks.  Several  drops  of  methanol  were 
added  followed  hy  the  dropwise  additicai  of  ethereal-ethanolic  diazcnethane. 

After  10  min,  the  excess  dictzcnethane  was  consuned  hy  the  drcpwise  addition  of 
1%  formic  acid/ethyl  acetate,  and  methanol  was  added  to  volute. 

Diazcnethane  was  synthesized  frcm  Diazald  (N-methyl-N-nitroso-g-toluene- 
sulfonamide)  (Aldrich)  using  an  Aldrich  Diazald  kTt  (cat.  No.  ZIO, 025-0),  fol- 
lowing the  directions  of  the  manufacturer  except  that  the  distillate  was  col- 
lected at  -VO^C  (Caution:  diazcnethane  is  highly  toxic  and  explosive) . The 
dictzcnethane  wcts  stable  for  several  months  vden  stored  at  -20®C  in  an  anher 
glass  bottle  with  poly-seal  screwcap. 

B.  Sanples 

To  analyze  bactericd  cultures  and  sipematant  fluids  for  IMP  and  PMP,  2 
ml  samples  were  cidded  to  12  ml  glauss  centrifuge  tubes  with  Teflon- lined  screw 
Ceps.  NaCl  was  added  in  excess  of  saturation  followed  by  2 drops  of  12.5  N 
HCl;  nitric  acid  may  be  better  for  this  phase  (see  Bledr,  D.  and  H.  R.  Roderick, 

J.  Agric.  Food  Chem.  ^:1221,  1976) . TVro  milliliters  of  ethyl  aoetate/ioethyl- 
ethylketone  (1:1)  was  added  and  mixed  by  vortexing.  Diazeraethane  solution  was 
added  (ca.  0.5  ml)  and  ceuefuUy  vortexed.  With  a yellcw  color  piersisting  in 
the  organic  phase,  the  organic  phase  was  removed  with  a Pastexir  pipet  and  passed 
over  Na2S04  (anhydrous)  into  a 5 ml  volunetric  flask.  The  extraction/derivati- 
zation  was  repeated,  and  the  organic  phases  were  pooled.  Methanol  was  added  to 
volune. 

C.  Quantification 

A 2 Ml  syringe  was  used  to  inject  derivatized  sanples  on  one  of  taro  col- 
umns: (a)  6 ft  X 2 nm  id  glass  (treated  with  5%  EMS  in  tolune)  padeed  with  5% 
OV-210,  80/100  Gas  Chron  Q and  (b)  6 ft  x 2 itm  id  glass  (treated  with  5%  IM2S 
in  toluene)  packed  with  5%  Carbowax  20M,  80/100  Gas  Chrun  Q.  To  reduce  tail- 
ing, both  ooluims  were  vepor^phase  d^rosited  with  10%  Carixwax  2QM,  60/80  Chromo- 
sorb  W,  using  tlie  technique  of  N.  F.  Ives  and  L.  Giuffrida,  J.  Assoc.  Anal. Chem. 
53:973,  1970;  this  involved  disconnecting  tlie  colunn  from  the  detector,  adding 
a 2-3  inch  packing  of  Carbowax  20^^/ChraInosorb  W to  the  silylated  glass  injector 
liner  and  conditioning  ovemi^t  (He,  10  ml/^nin;  injector,  230®C;  colunn,  225®C) . 
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A Perkin  Elmer  3920B  gas  chranatograph  equipped  with  a flame  photcmetric 
detector  (FPD)  (pho^horus  filter)  was  used.  The  operating  parameters  were; 
colunn,  130-140“C;  injector,  200®C;  detector,  250®C;  He,  30  ml/min;  air,  109 
miMin;  H2»  70  inl/min. 

D.  Results 

Recoveries  for  solutions  fortified  to  final  PMP  oonoentraticaTS  of  2,  4,  6, 
8 and  10  mM  were  92,  92,  91,  95  and  99%,  respectively.  Recoveries  for  solutions 
fortified  to  final  IMP  concentrations  of  2.5,  5.0,  7.5,  10  and  12.5  uM  were  84, 
85,  89,  88  and  86%,  respectively.  The  lowest  analyzable  concentration  was  about 
0.15  mM.  Neither  orthcphosphate  nor  MP  can  be  analyzed  by  this  technique  of  ex- 
tractiveAethylation. 

Using  the  OV-210  colimn  (operation  at  110®  for  1 min  and  then  programned 
at  4°/min  to  135®)  gave  relative  retention  times  for  dimethyl  methylphosphonate, 
trimethylphosphate,  O-iscpropyl  O^tethyl  metJ^lphosphonate,  0,Q-diethyl  ethyl- 
phosphonate  and  ^pinacolyl  ^methyl  methyljhosplxxiate  of  0.83,  1.0,  1.13,  1.68 
and  (3.05,  3.23),  respectively;  the  methyl  ester  of  pinacolyl  hydrogen  methyl- 
pho^honate  gives  two  peaks  (i.e. , 3.05  and  3.23)  with  this  program,  probably 
the  result  of  its  optical  isomers. 

Using  the  Carbcwax  20  M coliann  (operation  at  125®  for  1 min  and  the  prt>- 
granmed  at  4®/min  to  145®)  gave  relative  retention  times  for  dimethyl  methyl- 
phosfhonate,  0-iscpropyl  O-methyl  methylphosphonate,  trimethylphiosphate,  0,0- 
diethyl  ethyljAiosphonate  and  ^pinacolyl  0-^nethyl  methylphosphjonate  of  0.T47 
0.74,  1.0,  1.0  and  1.58,  respectively. 

II.  Ionic  methylphosphionate 


MP  was  analyzed  hy  a tentative  procedure  of  derivatization  of  dried  sam- 
ples, forming  thie  hjenzyl  esters,  followed  by  GC-FPD. 

A.  Derivatizing  reagent 

3-Benzyl- l-£-tolyltriazene  (Aldrich)  (BTT)  reagent  was  prepared  as  a 0.1  M 
solution  in  diethyl  ether  and  stored  at  -20 ®C  (Caution;  BTT  is  a carcinogen) . 

A precipitate  forms  during  storage,  but  this  Ccin  he  ignored. 

B.  Derivatization 

The  sanple  was  dried  hy  eithier  lycphdlization  or  heat  (since  MP  is  stable) 
in  a screw  c^  2-drara  glass  vial.  Tb  the  dry  residue,  0.15  ml  BTT  reagent  was 
added,  and  the  vial  was  then  sealed  with  a Teflon- lin^  screw  fyp  and  the  mix- 
ture refluxed  at  70®C  for  2.75  h.  One  drcp  of  6.25  N HCl  was  added  to  destroy 
excess  BTT  and  tlien  2 ml  of  NaCl  saturated  water  and  2 ml  of  ethyl  acetate  were 
added.  The  mixture  was  shiaken  well  for  30  s,  and  organic  phase  over  Na2S04 
(anhyd. ) was  pipetted  into  a 10  ml  volanetric  flask.  The  extracticai  was  re- 
peated, and  the  organic  phases  were  pooled.  The  solution  was  Iirought  to  volime 
with  ethyl  acetate  and  injected  on  GC-FPD  using  thie  OV-210  colimn. 

C.  ResiiLts 

Using  th»e  CfV-210  column  and  operation  at  225®C  (injector,  250®C) , the  rel- 
ative retention  times  for  ^iscprcpyl  O-haenzyl  methylphiosFhonate,  ^pinacolyl 
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^benzyl  methylEiiosiAionate  and  0,Q-dLbenzyl  methylpho^^te  were  1.0,  1.81  and 
4.97,  respectively.  OrthophospAiate  did  not  yield  a peak.  The  reagent  blemk 
gave  a peak  (3  x baseline)  with  about  the  same  retention  time  as  the  benzyl 
ester  of  IMP.  The  derivatizaticai  process  was  c^aparently  independent  of  MP 
being  protonated. 

ANALYSIS  OF  ALCmOES 


I.  Iscprc^xanol 

TWO  techniques  were  used  for  detection  of  isopropanol  (IP) : (a)  detection 
by  GC-flame  ionization  (GC-FID)  in  direct  aqueous  injections  and  (b)  detection 
of  the  nitrous  acid  ester  derivative  in  carbon  disulfide  extracts. 

A.  Direct  aqueous  injection 

TWO  columns  gave  premising  results:  (a)  6 ft  SS,  2 ram  id  (Teflon-lined) 
packed  with  100/120  Chroroosorb  101  and  vapor-d^josited  with  Carbewax  20  M,  and 
(b)  6 ft  SS,  2 nm  id  (Teflon- lined)  packed  with  80/100  Porapak  QS. 

The  first  oolunn  (operated  at  70®C  for  1 min  and  thai  progranmed  at  32°/ 
rain  to  170°C)  gave  retention  times  for  methanol,  ethanol  and  iscpropanol  of 
3.35,  4.35  and  5.0  min,  respectively  (injector,  100°C;  detector,  200°C;  He, 

35-60  ml/inin) . The  limit  of  detectability  for  IP  was  less  than  0.1  itM. 

[ ' 

The  seocxid  coliatn,  vhen  operated  isothermally  at  170-200°C,  separated  meth- 
anol, ethanol  and  IP  (retention  time,  2 min)  (injector,  230°C;  detector,  250°C; 

He , 58  ml/min) . 

When  culture  filtrates  were  injected  onto  the  oolums,  interfering  peaks 
were  encountered.  In  contrast  to  the  first  oolunn,  pinaoolyl  alochol  could 
be  chrcinatographed  (250°C)  and  a retention  time  of  3 rain  was  obteiined  on  the 
second  colunn.  This  oolurni  was  less  efficient  than  the  first  oolunn. 

B.  Derivatizaticai 

The  nitrous  acid  ester  of  IP,  iscpropylnitrite  (IP-N) , was  formed  by  the 
following  procedure.  To  a 1. 0-5.0  ml  sample  of  growth  mediun  in  a 15  ml  glass 
Sorvall  centrifuge  tube  were  added  5 ml  of  4.0  M NaN02  and  1 ml  of  2 N H^SO^. 

The  tube  was  sealed  with  a polyethylene  cap  and  vortexed.  After  5 min,  1 ml 
of  CS2  (spec.  gra<3e,  Aldrich)  was  added,  the  tube  was  capped  and  extra(3ted  for 
1 min.  The  organic  phase  was  taken  off  into  a 2 ml  volunetric  flaisk.  The  ex- 
traction was  repeated,  and  the  pooled  organic  phase  was  brou^t  to  volute  with 
CS2.  With  sane  samples  rich  in  protein,  centrifugation  may  be  necessairy  to 
separate  the  emulsion.  Using  a 2 yl  syringe,  injections  were  made  on  QC-FID 
using  a 36  ft  Teflon  (FEP)  colunn,  2 ran  id,  packed  with  12%  OS-124  (polyjdiaiyl- 
ether,  5 ring) , 0.5%  jAiosEAioric  acid,  40/60  Chrenosort)  T (Note:  The  Teflon 
ferrules  used  for  this  column  will  withstand  carrier  gas  delivery  pressures 
only  1«=>sg  than  50  psi  and  flew  rates  less  than  45-50  ml/nain.).  The  operating 
paurameters  were:  c»luran,  150°C;  injector,  150“C;  detector,  200°C;  N2,  40  ml/nain. 

The  retention  times  were  1.8  min  for  IP-N  and  3.2-14  min  for  CS2  and  im- 
purities. A control  containing  IMP  gave  no  IP-N  peak  after  derivatization. 

IP  was  tentatively  identified  as  a metabolite  of  IMP  and  a ocracentration  of 
approximately  0.4  mM  IP  was  found  in  a culture  fully  grown  on  0.5  ttM  IMP. 

The  detectable  limit  for  IP-N  wais  less  than  0.1  nM. 
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II.  Pinacolyl  alc<Aol  (3, 3-din>ethy  1-2-butanol) 

Ihe  determination  of  pinacolyl  alcohol  (PA)  via  formation  of  its  nitrous 
acid  ester  wcis  not  sixx^essful.  Because  of  its  Icuer  volatility  and  hi^ier 
molecular  wei^t,  PA  was  ailso  not  amendable  to  analysis  by  direct  aqueous  in- 
jection. In  contrast  to  IP,  PA  has  a favorable  partition  coefficient  from  water 
into  CS2;  consequently,  PA  was  analyzed  by  extraction  with  CS2  and  detection 
with  GC-FID. 

A.  Analysis 

Ihe  QC  column  used  was  12  ft  SS  (2  ran  id)  packed  with  5%  EEX3S  (Stabolized) , 
80/100  ChrcTDSorb  W-HP.  Operation  at  80“C  gave  a retention  time  of  3.5  min  for 
PA  and  retenticxi  times  of  1.0-2. 5 min  for  various  ocnoponents  of  CS2.  Bie  opera- 
ting conditions  were:  injector,  160°C;  detector,  160®C;  He,  44.5  ^/min. 

Sanples  (5  ml)  of  sv^iematant  fluids  fron  cultures  of  P.  testosteroni  grown 
on  various  oonoentratiorBof  PMP  or  orthoftosphate  as  phospEbrus  source  and  adi- 
pate as  ceirbon  source  were  introduced  into  12  ml  glass  Sorvall  centrifuge  tubes; 
2.5  ml  of  CS2  was  added  to  each  tube,  and  the  tubes  were  then  sealed  with  poly- 
ethylene Ceps  and  shaken  for  30  s.  The  resultant  emulsion  was  s^arated  by  cen- 
trifugation at  18,000  rpm  for  20  min.  Ihe  organic  phase  was  transferred  to  a 
5 ml  volutetric  flask.  Ihe  extraction  was  r^jeated,  the  organic  ^diases  were 
pooled  and  CS2  was  added  to  volume. 

For  quantification,  peak  heists  from  unknowns  were  oonpared  with,  peak 
heists  from  culture  media  fortified  to  various  concentrations  with  PA.  For 
QC-MS,  the  CS2  extracts  were  concentrated  under  nitrogen. 

B.  Results 

The  standard  curve  from  PA- fortified  sanples  (0.1-0. 4 itM)  was  linecir.  The 
limit  of  detectability  (without  preccnoaitration  isider  N2)  was  0.05  rtM.  The 
CS2  extract  of  all  PMP-grown  cultures  gave  a peak  which  cochrcinatograjiied  with 
PA;  no  peak  was  evident  in  orthcphosphate-grcwn  ocntrols.  Approximately  0.05 
nM  PA  was  detected  in  a culture  grown  with  0.1  itM  PMP;  this  represents  50%  re- 
lease of  the  pinacolyl  moiety  from  the  PMP,  and  these  data  agree  with  the  re- 
sults (^stained  in  studies  of  methane  releeise  from  PMP  (see  above) . In  addition, 
vhen  PMP-grown  cultures  were  analyzed  for  residual  PMP,  approximately  40-60%  re- 
mained. These  results  are  evidence  that  the  four  optical  isomers  of  PMP  aue 
attacked  at  different  rates. 

The  peaks  from  samples  of  PMP-grown  cells  were  confirmed  to  be  PA  by  QC-MS. 
The  DECS  column  was  interfacsed  with  a Finnigan  3300  quadrupole  mass  spectrometer 
and  System's  Industries  data  system  (oolunn,  80®C;  He,  15  mly4nin).  The  mass 
spectrum  of  PA  (ity/e  vedues  and  relative  intensities  >8%) : 39  (19.2),  41  (71.2), 
43  (19.9),  45  (60.4),  56  (55.2),  57  (100),  69  (74.3),  84  (12.8),  87  (34.6),  M = 
102  (2.4) . These  results  also  show  that  2,3-dimethyi-2-butanol  was  not  present. 
The  mass  spectrvm  for  the  metabolically-formed  PA  agreed  with  that  of  authentic 
PA  (Aldrich)  and  with  the  spectnm  published  in  the  Registry  of  Mass  Spectral 
Data  (p.  97) . 

METEABOLiai  OF  THE  PHDSPHCWYL  MOIETY  OF  METHYLPHOSPHONATES 

The  mechanism  of  releeise  of  the  methyl  grocp  from  ionic  methylphoi^honate 
is  presixnably  either  reductive  or  hydrolytic.  On  the  (»ie  hand,  hydrolytic 
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cleavage  would  yield  either  ineta{^x>s{^te  or  ortho{4iosphate  fron  the  enzyme  sur- 
face. Met^^SE^te  would  spontaneously  hydrate  to  yield  oztho(^SE4iate.  On 
the  other  hand,  reductive  cleavage  would  produce  pho^jhonic  acid  (phosphite) . 

A tentative  procedure  was  examined  for  determination  of  phosphite  by  form- 
ing phosE^ionic  acid  followed  by  reduction  to  E^iostiune  and  anedysis  by  QC-FPD. 

For  the  analysis  of  phosphite,  a 4.5  ml  sanple  was  added  to  a 20  ml  culture 
tube,  and  the  pH  weis  adjusted  to  0.7  with  cone  H2SO4.  Zinc  dust  was  added,  the 
tube  (in  the  hood)  was  inmediately  sealed  with  a senm  stopper  and  the  mixture 
was  vortexed  (Caution:  phosjAiine  is  hi^ily  toxic) . After  60  min,  the  headspace 
was  sampled  with  a gas-ti^t  syringe  (with  sanpling  valve) , and  100-800  Ml  sam- 
ples were  injected  on  QC-FPD  (phosE^orus  filter)  equipE>ed  with  a 6 ft  SS  Teflon- 
lined  (2  irm  id)  colimn  E>acked  with  100/120  Chranosorb  101  (oolum,  80*C;  detec- 
tor, 200®C;  injector,  100“C;  He,  40  mly^nin) . Sanples  with  standeud  Na2HP03.5H20 
gave  E^ealcs  vdiich  chrcmatogrc^^ied  with  standard  E^hosE^iine  (generated  from  magnesian 
phosphide) . Uie  retention  time  was  1.0  min.  A second  EJeak  vrfiich  occurs  at  1.5 
min  disaEpeared  as  the  reaction  progressed.  Ihe  limit  of  detectability  using  a 
4.5  ml  sample  with  15  ml  headsE>ace  (800  Ml  injection)  was  0.1  nM. 
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